Introduction
Four per cent of general hospital beds in the UK are occupied by diabetic patients, and up to 28% of these diabetic admissions are for foot problems. The scale of the clinical problem is such that 29% of all below-knee amputations are performed on diabetic patients, a figure which rises to 45% of all amputations with the inclusion of distal amputation. To tackle this problem, specific initiatives related to prevention must be coupled with the rational treatment of established foot complications. Such a strategy will depend on a sound understanding of the complex and multifactorial pathogenesis of diabetic foot disease.
Although microvascular disease alone is not thought to be a primary cause of clinical pathology in the diabetic foot,3 the coexistence of abnormal microcirculatory function with both arterial disease and neuropathy may result in an increased liability to tissue damage. The clinical investigation of the microcirculation is a burgeoning field of interest, fuelled by the availability of novel research techniques which promise to provide specific tests of microvascular function. Such tests may help in both the identification of the patient at risk and the assessment of therapeutic intervention.4 4
The aim of this article is to put the poorly understood term 'small vessel' disease5 5 into context and to review the current incomplete understanding of the abnormal microcirculation in the diabetic foot.
The microcirculation of the foot The prime function of the microcirculation is the efficient exchange of gases and nutrients and the removal of the waste products of metabolism. In the foot, the addition of a thermoregulatory function is reflected in a more complex structural and functional organization. The nutritional capillaries which supply blood to the skin are organized into functional units, with each dermal papilla supplied by between one and three capillary loops, 40jLm apart and 200>m long (up to 500jLm in the nailbed).6 6 The capillary is essentially a tube of endothelium, which was once thought to be a passive physical barrier but is now recognized as a complex dynamic cellular organ involved in the maintenance of vessel wall integrity, coagulation and blood haemodynamic control.' The capillary endothelium lies on a basement membrane, which is at its thickest in the foot where it normally measures about 250nm in width. This increased thickness probably reflects the high transmural pressure impinging on the vessel in the standing position 8 Chemically, the basement membrane consists of Figure 1 Capillary blood flow in the toe nailfold measured by television microscopy showing: (a) the increase in capillary volume flowwith increasing skin temperature (r+ = 0.74. p<0.001 ); (b) the reduction in intermittent flow with increasing temperature, with continuous flow above a skin temperature of 30°C (r= -0.70, p<0.001). ). several proteins and glycoproteins, many with a strong anionic charge. Structural stability is provided mainly by type IV collagen. The three main perceived functions of the basement membrane are:
1 The provision of structural stability for the vessel wall and the prevention of overdistension.
2 The provision of a scaffolding for the reconstitution of the capillary endothelial lining following injury or damage. 3 The limitation of the permeability of the capillary wall to macromolecules, which is thought to be influenced by both the negative charge density of the basement membrane glycoproteins and the structural barrier posed by the basement membrane itself. Blood is supplied to capillaries from side branches of the smallest arterioles (metarterioles), which are 10-1SjLm in diameter and decrease to about 7 jLm over a distance of 50-100jLm. At the mouth of these side branches the endothelium is thicker and the smooth muscle in the wall of the arteriole is replaced by two or more circularly disposed cells representing the precapillary sphincter.9 9 The arterioles are supplied by efferent nonmyelinated vasoconstrictor nerve fibres. Arteriolar vasodilatation is achieved both by the relaxation of neurogenic vasoconstrictor tone and also by the direct action of locally generated vasodilator substances, such as endothelium-derived relaxation factor (EDRF).10
Arteriovenous anastomoses are found in large numbers in the skin of the feet, where they subserve a thermoregulatory function. They are located about 1-1.5mm beneath the skin surfacell and are predominantly found in the nailbed and digital pulps. No arteriovenous anastomoses are found on the dorsum of the foot
Regulation of microvascular blood flow
The mechanisms which regulate blood flow in the microcirculation are necessarily complex, reflecting the dual function of the microcirculation in the foot (nutrition and thermoregulation) and the fact that the microcirculation must withstand an increase in hydrostatic pressure of 75-85mmHg on standing.
The regulation of thermoregulatory flow is relatively clear, with a rapid neurogenic vasoconstriction in response to cooling and dilation in response to heating achieved by an alteration in sympathetic vasoconstrictor tone. The arteriovenous anastomoses are normally maintained with a high degree of vasoconstrictor tone and are relatively uninfluenced by nonthermoregulatory reflexes. Denervation results in an initial dilation of arteriovenous anastomoses for [10] [11] [12] [13] [14] days before the normally atonic smooth muscle in the wall of the arteriovenous anastomosis acquires some secondary intrinsic tonicity. 13 Capillary flow is predominantly regulated by varying precapillary arteriolar tone, thus altering the balance of pre-and postcapillary resistance. The precapillary resistance vessels are under neurogenic control but, in contrast to arteriovenous shunts, the smooth muscle possesses intrinsic tone and has the capacity to autoregulate. Volume flow is regulated by both modulation of the velocity and the duration of flow ( Figure 1 ).la It is clear that additional control mechanisms have evolved in the foot to limit oedema formation. If these mechanisms did not exist, the increase in hydrostatic pressure on standing would cause hyperfiltration of fluid which, calculation suggests, would result in considerable peripheral oedema. When the foot is dependent, the main physiological priority is the limitation of fluid filtration which, for the capillary bed, largely overrides the normal thermoregulatory response (Figure 2 ). Precapillary vasoconstriction limits the rise in capillary pressure when the limb is lowered below heart level&dquo; and, coupled with a reduction in the rise in venous pressure achieved by the calf muscle pump, the expected increase in fluid exchange is limited.
The mechanism of this precapillary vasoconstrictor response is thought to involve a local sympathetic axon reflex (the venoarteriolar response), which is dependent on an increase in venous pressure distending the veins. 16 It is abolished by local nerve blockade,&dquo; but not by blockade 3cm more proximally18 or sympathectommy. 19 Any central neurogenic component would appear to be quite small.
A complementary explanation to account for precapillary vasoconstriction on dependency is a myogenic hypothesis. 20 Smooth muscle cells possess intrinsic myogenic tone and this inherent tone can be potentiated by vascular wall distension. Such vascular wall distension would be produced by increases in perfusion pressure and also by lowering a limb, which increases hydrostatic pressure and thus transmural pressure. Experimental evidence suggests that an increase in transmural pressure produces relatively little increase in total flow resistance but has a dramatic effect on the capillary bed, suggesting that the most responsive myogenic elements are in close approximation to the capillary. 21 In addition to these neurogenic and myogenic mechanisms, it is apparent that the endothelium modulates the contractile behaviour of precapillary resistance vessels. The release of EDRF appears to co-ordinate the relationship between flow and diameter in resistance vessels. 10,22 EDRF is released in response to chemical stimuli, luminal hypoxia and an increase in vascular flow rate. EDRF acts by altering smooth muscle cyclic GMP which in turn inhibits calcium influx into the cell and intracellular calcium release. The role of EDRF may be more marked in the microcirculation than in larger vessels because of the high endothelial/smooth muscle cell ratio and smaller vascular diameters.
The abnormal circulation in the diabetic foot Diabetic foot lesions were classically thought to develop as a consequence of occlusive arterial disease, although gangrene in the diabetic foot was recognized to differ from atherosclerotic gangrene by the frequent association of infection, lack of demarcation, younger age, patchy distribution and, in some cases, the presence of palpable pulses. 23 The hypothesis that occlusive vascular disease was the sole cause remained widely accepted until the recognition of the high incidence of gangrene in predominantly neuropathic limbs. 24 The undoubted patency of the large vessels in the neuropathic limb implicated 'small vessel' disease as the causative lesion in foot pathology, prior to the recognition of structural and functional changes in the microcirculation.5 5 There is no doubt that abnormalities of the microcirculation can be detected soon after the diagnosis of diabetes. [25] [26] [27] The initial functional changes are apparently related to metabolic abnormalities in diabetes and may be reversible by tight metabolic control, 25 in contrast to the irreversibility of functional abnormalities in longterm diabetics. 28 According to the haemodynamic hypothesis, these early functional changes, including capillary hypertension, are thought to induce late structural changes in the microvessels which ultimately lead to loss of microvascular function, relative under-perfusion and loss of autoregulation. 29 -32 In parallel with this progressive microvascular injury there is damage to somatic and autonomic nerves, which may accelerate and compound intrinsic microvascular functional abnormalities.
Peripheral denervation impairs both the neurogenic control of arteriovenous shunts and local axon reflexes such as the venoarteriolar reflex, both of which alter blood flow in the microcirculation. Even in the absence of atherosclerosis, the delivery of blood to the microcirculation is probably abnormal due to the increased rigidity of the arteries. 33 The development of occlusive arterial disease can reduce the pressure head, which may exceed the capacity of the damaged microcirculation to autoregulate, and thus potentially produce more severe clinical disease in a diabetic than a nondiabetic, for a given degree of arterial obstruction.
Capillary morphological changes in diabetes
The capillaries in the skin can be observed in vivo in the toe nailfold. Capillary abnormalities include increased tortuosity of the venous limb (more than three loops or undulations), 'glomerulus' deformities and congested dilated venous limbs with a venous-arterial limb ratio of greater than 3: 1.34,35 An 'ischaemic' pattern of capillary abnormality, with an arterial limb less than 6jLm in diameter,34 is no more common in diabetic subjects. A specific 'nodular apical elongation', unrelated to dilation of other parts of the capillary,36 is described, but a later study found this abnormality in only one out of 40 diabetics of long duration with complications, perhaps because it was only recognized in capillaries which were otherwise normal. 34 Capillaries may also be observed in the dorsum of the foot using a dissecting microscope. In this region, the axis of the capillary loop is tangential to the skin and only the apex of the capillary loop is visible. Healthy capillaries appear as a small dot or comma in each dermal papilla. Visible structural change takes place in the ischaemic foot. 37 With increasing ischaemia there is an increase in capillary diameter, which may be aneurysmal, oedema develops and the capillaries become indistinct. When tissue viability is threatened, red cells leak into the tissues and capillary haemorrhage is observed. Finally, skin necrosis is impending when the dermal papillae become devoid of capillaries. In diabetic subjects, including those with severe vascular disease, capillaries with changes suggesting a loss of tissue viability are rare. The most severe change discovered in a systematic study was dilation of capillaries,38 which was more common in diabetic subjects than controls and most common in insulin-dependent diabetics, diabetics with the lowest toe/brachial pressure index and/or claudication and those with neuropathy. This simple method of direct observation of the microcirculation may be useful in the assessment of tissue viability.4 4 Changes in the capillary basement membrane Basement membrane thickening is not a specific marker of diabetes, but can be considered as a late marker of microvascular disease in this patient group and is probably best thought of as a proliferative response by vascular endothelium to a nonspecific chronic injury.39 In diabetic subjects, basement membrane thickening is a consistent finding in capillaries, arterioles and venules and is manifest by the deposition of a PAS positive hyaline material in the endothelial basement membrane. Electron microscopy has revealed that the basement membrane is thickened and reduplicated and chemical analysis has revealed numerous modifications which include increased glycation of type IV collagen, 40 a decreased sulphation of proteoglycans which results in a reduction of the normal charge barrier 41 and increased quantities of the plasma proteins IgGl, IgM, C3 and albumin.
Although the pathogenesis of increased basement membrane thickening is incompletely understood, most studies agree that basement membrane thickening increases with the duration of diabetes, age and the distance of the microvessel below the heart. 8,42 Twin studies strongly suggest that genetic factors play a role in basement membrane thickening and plasma protein deposition within the basement membrane. 43 Hyperglycaemia is important in the generation of basement membrane thickening,8 and studies in humans with accidentally chemically-induced diabetes (i.e. no genetic component) demonstrate that a similar proportion develop muscle capillary basement membrane thickening as matched 'genetic' insulin-dependent diabetics. There is also limited evidence that normalization of glycaemia is associated with some regression of basement membrane thickening.8
The assertion that haemodynamic factors are certainly important in the generation of basement membrane thickening8 is supported by the observation that basement membrane thickness is progressively increased in association with exposure to increased vascular pressures, either physiologically (as when an infant begins to walk) or pathologically (right-heart failure). Many The endothelium is involved in the regulation of vascular exchange function, with molecules passing either between or through endothelial cells. Increased vascular permeability is a feature of diabetes in the retina, kidney and the skin. 48 Haemodynamic factors contribute to the regulation of vascular permeability, but glycosylation of endothelial components and the fibre matrix may alter effective pore size and charge density. The glycation of plasma albumin may contribute to its increased uptake (compared to native albumin) into micropinocytotic vesicles and passage through the endothelial barrier.49
The endothelium is involved in the formation of new blood vessels (angiogenesis), the process whereby cells migrate from pre-existing capillaries to avascular tissue. This process is important in wound healing, although there is no direct evidence of excessive or reduced angiogenesis in the skin in diabetes, and evidence of delayed wound healing in diabetes is conflicting.5° Angiogenesis is, however, stimulated by vasodilation and increased capillary flow, 51 both of which are impaired in diabetes in response to tissue trauma. 52,s3 The synthetic function of the endothelium may be defective in diabetes. Prostanoids, synthesized by the endothelium, are important modulators of vascular tone and platelet aggregability, although there is a lack of consensus as to how prostanoid function may be altered in diabetes. [54] [55] [56] The role of EDRF in the abnormal microvascular regulation observed in diabetes is currently speculative. The release of EDRF may be defective in diabetic microvascular disease 57 and thus the vessel may not be protected from vasoconstrictor substances released from aggregating platelets and may not respond normally to vasodilator neurotransmitters such as substance P. EDRF also plays an important role in reversing the myogenic response and, if EDRF synthesis is reduced, unopposed myogenic vasoconstriction may result in pathological underperfusion.
Functional changes in the microcirculation
Numerous functional changes in the microcirculation have been described and include increased blood flow, widespread vascular dilation, increased vascular permeability, impaired vascular reactivity and limitation of hyperaemia. The concept of an early functional microangiopathys8 originated from the recognition of an initially reversible loss of vascular tone and increased vascular permeability in the absence of detectable structural change. Functional changes such as reduced vascular reactivity and hyperaemia are present within two years of diagnosis and can be detected in children with diabetes27,59 (Figure 3 ).
The haemodynamic hypothesis of the development of diabetic complications suggests that early haemodynamic functional changes are linked to the later development of structural microangiopathy.29-32 Clinical observation and investigation in the kidney suggested that the initiating event early in the clinical course of diabetes is an increase in perfusion and capillary pressure.29 An increase in hydrostatic pressure is responsible for increased leakage of plasma proteins through the vessel wall. These become entrapped within the basement membrane and modify its structure, which is also influenced by chronic physical injury and metabolic abnormalities. The only direct human measurements to substantiate this hypothesis have been made in skin nailfold capillaries. Capillary pressure is normal, using the relatively crude Landis technique,6° but there is evidence that on quiet standing capillary pressure may be raised in toe nailfold capillaries in young male insulin-dependent diabetic patients.61 The measurement of dynamic capillary pressure is more sensitive and has demonstrated increases in capillary pressure in diabetics from early in the disease, particularly in females (DE Sandeman, personal communication).
Other functional abnormalities include widespread vasodilation and increased blood flow. In complication-free diabetics, toe nailfold capillary flow is increased (Figure 4) , and direct observation confirms dilation of the capillary bed62 ( Figure 5 ). Blood viscosity is increased in diabetics,63 and thus the increased flow suggests either that perfusion pressure is increased and/or vascular resistance is reduced. There is evidence for an increase in cardiac output which must accompany generalized vasodilation and regional blood flow is undoubtedly increased in the lower limb. 64 The mechanism of this increase in peripheral blood flow is unclear, but a number of possible mechanisms have been advanced (Table 1) . The widespread dilation of blood vessels may be related to tissue hypoxia which results either from increased oxygen demand secondary to increased metabolic rate or a left shift in the oxygen dissociation curve due to metabolic changes within the erythrocyte. 74,75 Low levels of 2,3-diphosphoglycerate are present in the diabetic erythrocyte, and these levels fall further during ketosis and during insulin administration, a manoeuvre which can induce rapid capillary dilation. 76 Glycated haemoglobin has a higher affinity for oxygen than normal haemoglobin, although abnormal high-affinity haemoglobins alone do not produce microvascular disease in non-diabetics. 77 The mechanism of microvascular dilation in response to hypoxia may be mediated via increased EDRF The clinical entity of diabetic autonomic neuropathy84 is characterized by abnormalities of skin temperature, sweating, blood pressure and There are several possible mechanisms by which autonomic neuropathy could interact with the microcirculation. The mechanism may be independent of a direct effect on the microcirculation such as a loss of sudomotor function, 89,9() which may predispose to skin fissuring and the entry of infection. Peripheral autosympathectomy would damage neurogenic control mechanisms which regulate capillary and arteriovenous shunt flow. The loss of sympathetic nerve function could result in an increase in arteriovenous shunt flow.l3 Precapillary vasoconstriction is thought to be mediated by local neurogenic 15 and myogenic mechanisms. The venoarteriolar reflex is thought to be a sympathetic axon reflex,16-19 is an important oedema prevention mechanism and limits the exposure of the capillary to the increase in hydrostatic pressure on standing. One consequence of the failure of this reflex would be an acceleration of capillary structural damage, such as basement membrane thickening, due to the exposure to increased intravascular pressures.8 Inappropriate vasoconstriction is a further mechanism by which autonomic neuropathy could result in tissue damage mediated via the microcirculation. An early clinical observation in diabetic neuropathy was the presence of both abnormally warm and abnormally cold feet,91 with both the failure of vasoconstriction in response to body cooling and the failure of vasodilation in response to body warming. The cold neuropathic foot was initially attributed to the selective destruction of sympathetic vasodilator fibres,91 but it is now generally accepted that denervated peripheral vessels exhibit autonomous tone and the cutaneous vessels become hypersensitive to local cold. 92 This may be a direct effect of local cold or mediated by the increased sensitivity of denervated blood vessels to circulating catecholamines.92
An alternative hypothesis has been advanced. Both hyperactivity and underactivity of the sympathetic nervous system have been detected using the galvanic skin response93 and, more recently, quantitative tests of sudomotor function. 89 It was postulated that the hyperactive state occurred early in neuropathy because of partial sympathectomy, and that later the function of the sympathetic nervous system was diminished because of complete autosympathectomy. Increased sweating may occur because of sprouting of surviving axons to replace lost fibres,9° and a similar process of multi-innervation may relate to blood vessels.
There is no doubt, however, that most neuropathic feet are warm and that regional blood flow is increased,64 although the partition of this increased blood flow within the microcirculation is thought to be abnormal. It has been suggested either that increased arteriovenous shunt flow may promote a capillary steal phenomenon or that the increase in arteriovenous shunt flow is secondary to capillary closure. 58, 74, 94, 95 Is there arteriovenous shunting?
The hypothesis of increased arteriovenous shunting in the diabetic neuropathic foot is supported by several sources. The venous system in the diabetic lower limb is histologically 'arterialized', which is compatible with an increased flow of blood at higher than normal pressure passing through open arteriovenous shunts. Arteriographic studies reported a very rapid passage of contrast medium into the venous side of the circulation, giving a characteristic appearance. Further indirect evidence was obtained by measuring a high partial pressure of oxygen in the foot veins of diabetics with neuropathy,96 which suggests that saturated blood passes directly into the venous circulation of the leg, bypassing the capillary circulation. A study using radiolabelled microspheres97 demonstrated that vascular channels of greater than 20jLm diameter were present in the feet of subjects with neuropathic ulcers. These were assumed to be dilated arteriovenous shunts, which can reach 60ILm in diameter.
Although the first modern study actually to measure peripheral blood flow failed to demonstrate any difference in flow because the limbs were all maintained at a fixed temperature of 32°C,98 it did demonstrate reduced spontaneous variability in flow in the diabetic group, which could be attributed to autosympathectomy.99
The technique of Doppler ultrasound demonstrated an increase in the pulse wave velocity in subjects with foot ulceration,loo which is probably related to the high frequency of arterial wall calcification found in diabetics with neuropathy. 101, 102 An abnormal Doppler frequency spectrum analysis was also observed in the affected limb of subjects with ulceration.loo,~o~ Peripheral arterial flow was increased with a greater than normal forward systolic flow component accompanied by continuous forward flow in diastole. The loss of the normal reverse flow component was attributed to a reduction in peripheral resistance'Ol as is seen in increased arteriovenous shunting. 103
Other studies in diabetics with neuropathy using venous occlusion plethysmography64 and laser Doppler flowmetry62~'o4 have demonstrated increased skin blood flow in the toe pulps where arteriovenous shunts are common ( Figure 6 ). Similar abnormalities were demonstrated in a small number of diabetics apparently free of peripheral or autonomic neuropathy, suggesting that despite normal cardiovascular autonomic function tests they may have had peripheral sympathetic damage. Postural vasoconstriction is impaired in the feet of diabetics with peripheral and/or autonomic neuropathy, compatible with a loss of the local sympathetic axon reflex (venoarteriolar reflex). This hyperperfusion on dependency is thought to predominantly involve flow through arteriovenous shunts, which may increase venous pressure and contribute to a reduction in skin capillary flow and increased fluid filtration. Abnormal blood flow is certainly common in diabetic subjects with neuropathy and is most severe in subjects with chronic painless neuropathy and foot ulceration, although the degree of abnormality is not clearly related to autonomic dysfunction. Capillary flow in the diabetic foot Although the capillary component of flow is responsible for skin nutrition, it comprises only approximately 10% of total skin flow, the remainder passing via arteriovenous shunts. 107 In the diabetic neuropathic foot, total skin blood flow is increased in absolute terms,64 but the increase was thought to relate to arteriovenous shunt flow and it was suggested that nutritional capillary flow was compromised.94
Direct measurement of capillary blood flow by the technique of television microscopy108 has demonstrated that, when the foot is at heart level, capillary flow is increased in subjects with neuropathy compared to normal control subj ects. 62 This suggests that the increase in arteriovenous shunt flow does not grossly compromise capillary flow, although it is unclear if the capillary flow is increased appropriately for the increase in skin temperature.
When the foot is lowered below heart level in normal subjects, both capillary and arteriovenous shunt flow are substantially diminished to protect the microcirculation from the effects of the increase in hydrostatic pressure. 14, 109 In diabetics, the technique of laser Doppler flowmetry can be used to demonstrate that this mechanism is impaired, particularly in subjects with overt neuropathy. 104 This is compatible with a failure of neurogenic vasoconstriction to the shunt circulation. The failure to restrict arteriovenous shunt flow on dependency would be expected to lead to the development of oedema. Neuropathic oedema is uncommon despite the high prevalence of diabetic somatic and autonomic neuropathy. This suggests that fluid filtration in the diabetic capillary bed may be restricted by other mechanisms. In the standing position there is a profound reduction in capillary flow.llo In the presence of neuropathy this suggests that a secondary myogenic mechanism may effect precapillary vasoconstriction. Flow values were particularly low in individuals with a history of neuropathic foot ulceration.
Is there small vessel disease and capillary closure?
The term 'small vessel' diseases is used by many to describe the concept of occlusive disease in small arterioles. In some diabetics the presence of palpable foot pulses and the patchy distribution of gangrene led to the conclusion that gangrene in diabetic patients occurs without occlusion of the large arterial trunks and, by implication, was due to occlusion of the 'small vessels'. The origin of this controversy is a study of 152 amputation specimens (92 diabetic), which described a specific diabetic vascular lesion involving endothelial proliferation sufficient to almost occlude the lumen of digital arteries and smaller vessels.&dquo;' This report has not been confirmed, but asymmetrical thickening of the tunica intima is described,112 as is replication of the basement membrane with pericyte hyperplasia.'13 Endothelial hyperplasia may, however, have been used inappropriately in the original report to describe intimal hyperplasia, which is the proliferation of smooth muscle originating in the subendothelium. 114
A study using a vascular casting technique demonstrated artherosclerotic occlusion of proximal small vessels in diabetic and nondiabetic subjects.6 There was a similar degree of patchy occlusion of proximal digital arteries and terminal arterioles «30jLm) in diabetics and nondiabetics, but the diabetic subjects had more extensive (70%) occlusion, particularly in arterioles of the fifth-order branches of the digital artery arcade (30-50/-tm) . The nature of these occlusions suggested that they were thrombotic secondary to stasis rather than embolic or secondary to atherosclerotic occlusion.6 6 Limbs with ulcers (diabetic and nondiabetic) had more occluded vessels at all levels except the terminal arterioles.
More vessels were occluded on the plantar surface and the first and fifth toe, which are areas exposed to local pressure and shoe trauma, and are the usual sites for diabetic 'ischaemic' ulceration The capillary bed distal to these occlusions was essentially intact and capillary loops were patent (sometimes dilated) right at the edge of an ulcer.
The question as to whether precapillary vascular disease contributes to diabetic foot ulceration remains open to debate.116 It is clear that the microvasculature remains patent in amputation specimens to a similar degree in diabetic and nondiabetic subjects, although diabetic subjects may be more prone to intravascular thrombosis at low flow rates due to abnormal rheology. 117 The superimposition of functional and structural microvascular abnormalities on a similar degree of arterial and arteriolar atherosclerosis in diabetic subjects may, however, limit healing potential.
Do closed capillaries contribute to ischaemia in the skin of the foot?
The evidence for this is scanty and is mainly derived by extension from changes seen in the eye,llg where acellular (nonblood-filled) capillaries are observed. Similar acellular capillaries have been reported in skeletal muscle,119 being more frequently observed in diabetics and increasing in frequency from the neck to the foot.42 Such acellular capillaries are associated with an increase in the amount of pericyte cell debris within the basement membrane. The circumferential coverage of the capillary wall with pericytes in samples taken from foot muscles in diabetic subjects was the same as in normal controls, and intact cell processes were seen within a few of the acellular capillaries. This suggests that, although pericytes are damaged in the diabetic foot, turnover is increased so that overall pericyte numbers are maintained. The cause of acellular capillaries is unknown in muscle, but has been attributed to intracapillary thrombosis. 117 It appears that acellular capillaries can be revascularized in the foot, in contrast with the retina. Histological studies of muscle capillaries do not demonstrate any luminal narrowing in capillaries, even when marked basement membrane thickening8 or a reduction in capillary circumference is present Histological study in the skin has provided no evidence of acellular capillaries, but a reduction in capillary lumen has been reported in foot skin.l2o In the skin of the arm, a similar reduction of luminal area is associated with vascular complications of diabetes but not disease duration.121
Direct observation of capillaries in the skin of ischaemic feet does not show any loss of bloodfilled capillaries until skin necrosis is imminent.3' In the great toe nailfold of diabetics with severe neuropathy and without clinical evidence of vascular disease there is no evidence of capillary closure. 62 Although there is no evidence of capillary closure, it is possible that the foot capillary bed is not perfused in end-stage disease, either because of precapillary vascular disease or intracapillary thrombosis secondary to deranged rheology.
Clinical implications
In established foot disease, bed rest which elevates the foot to heart level is an established treatment.
Studies of the microcirculation demonstrate that this abolishes the postural reduction in microcirculatory flow and helps to optimize nutritional capillary flow and also reduces oedema. Clinical observation suggests that this increases healing potential.
If the microcirculation is involved in the pathogenesis of foot disease there is the possibility of pharmacological manipulation to optimize microcirculatory flow. The haemodynamic hypothesis suggests that capillary hypertension promotes structural damage, and thus vigorous antihypertensive treatment early in the course of the disease may reduce capillary pressure and limit damage. Care must be exercised in the choice of antihypertensive agent, as beta blockade, particularly in the presence of proximal vascular disease, may reduce perfusion pressure to the microcirculation, which may be deleterious. Nifedipine promotes peripheral oedema formation by attenuating postural vasoconstriction. 122
The degree of control of diabetes is important in the development of diabetic microangiopathy,123 but the optimum means of control, particularly in type II diabetes, awaits clarification. Microvascular autoregulatory responses are significantly impaired in uncomplicated diabetics with poor control compared to matched subjects with good controls. 124 Insulin itself is a powerful vasoactive substance and can provoke postural hypotension,124 reduce plasma volume, increase albumin loss from the circulation 125 and act as a vasodilator on resistance and capacitance vessels.126 Strict metabolic control has no effect on subcutaneous blood flow measured by the xenon washout technique. 28 Cutaneous blood flow is redistributed by nine days of continuous subcutaneous insulin infusion in patients with poor control, with an increase in capillary blood velocity and a fall in venous oxygen tension in the finger suggesting a reduction in arteriovenous shunting. 127 This is most likely an effect of insulin per se, as acute experiments show increased capillary flow at high intravenous insulin infusion rates without changes in blood glucose.128 In diabetics with neuropathy, the acute infusion of insulin following withdrawal of oral hypoglycaemic agents resulted in a 225% increase in the capillary component of blood flow and marked capillary dilation without any similar change in shunt flow'6 ( Figure 7 ).
Conclusions
Anatomical and physiological studies have demonstrated that the microcirculation is abnormal in the diabetic foot. There is no evidence that blockage of capillaries or arterioles contributes directly to foot ulceration and gangrene. Factors such as impaired autoregu- Figure 7 The effect of intravenous insulin infusion in seven non-insulin dependent diabetic subjects, showing a 225% increase in capillary blood flow without significant change in laser Doppler (arteriovenous shunt) flow as blood glucose falls from a mean of 15.3mmol to 6.9mmol. lation, a reduced hyperaemic response to injury and impaired neurogenic vasodilation may reduce the healing potential of the skin following minor injury. These and other abnormal microcirculatory responses must be risk factors for the development of clinical pathology. 
